Early Tertiary volcanic rocks recovered from the southeast Greenland margin represent the transition from continental tholeiitic flood basalt to voluminous oceanic magmatism. This magmatism accompanied continental breakup and resulted in the formation of seaward-dipping reflector sequences (SDRS) characteristic of volcanic rifted margins. The earliest, and most landward, lava flows (Hole 917A, Lower and Middle Series) comprise a pre-breakup continental sequence ranging in composition from olivine basalt to dacite. Evolution in crustal magma reservoirs, with a dwindling supply of primitive magma and an increasing role of crustal contamination, can account for the variations in magma composition. Changes in the inferred nature of the contaminant suggest that the site of magma storage may have moved to shallower levels in the crust during the prebreakup period. The subsequent eruption of picrite and olivine basalt magmas (Hole 917A, Upper Series) marked a dramatic change in the style of magmatism to one of unrestrained passage of primitive magma from the mantle to the surface during the final stages of breakup. The younger parts of the SDRS (Sites 915 and 918) are composed of compositionally uniform basalt (7.6 ± 0.8% MgO), suggesting that an effective magmatic filtering system was established, soon after breakup, in magma chambers associated with a spreading axis. An increase in degree of mantle melting (<5% to 10%-20%), accompanied by a decrease in depth of melt segregation, marked the transition from continental to oceanic volcanism. The continental volcanic rocks had a garnet lherzolite source, whereas the post-breakup magmas had a shallower, spinel lherzolite source. Most of the older basalts (Site 917, Lower to Upper Series) had a mantle source similar to that of normal mid-ocean-ridge basalt (N-MORB), although a group of flows with compositions similar to typical Icelandic basalt occurs high in the Lower Series. All the post-breakup basalt lava flows (Sites 915 and 918) had a depleted Icelandic mantle source. The head of the Iceland plume may have been zoned at the time of continental breakup with a core of Icelandic mantle surrounded by a carapace of anomalously hot N-MORB-source mantle.
INTRODUCTION
Rifting along the North Atlantic margin was accompanied by an intense phase of basaltic magmatism, now represented by onshore flood basalt outcrops and offshore seaward-dipping reflector sequences (SDRS). The eruption of the SDRS coincided approximately with seafloor magnetic Anomaly 24R (53−56 Ma; Cande and Kent, 1992) and marked the transition from continental to oceanic volcanism. The southeast Greenland SDRS are more than 6 km thick (Larsen and Jakobsdóttir, 1988) . Wide-angle seismic experiments on the conjugate margin off Rockall Plateau (Fig. 1) show that the SDRS were erupted on attenuated continental crust underlain by a prism of underplated igneous material as much as 15 km thick (White et al., 1987) . These enormous volumes of magma require the presence of anomalously hot mantle at the time of rifting and continental breakup (White and McKenzie, 1989) . In the case of the North Atlantic, there is a clear genetic link between the excess magmatism represented by the SDRS and the presence of a mantle plume now situated beneath Iceland.
The southeast Greenland margin provides an excellent and arguably unique area in which to investigate the link between continental rifting, large igneous provinces, and mantle plumes. The Greenland continental margin is tectonically uncomplicated and is linked across the North Atlantic to its conjugate margin by the aseismic GreenlandIceland-Faeroes Ridge. Thus, all components of the province, from the earliest manifestations of volcanism on the Greenland margin to present-day magmatism in Iceland, are available for study. One of the objectives of Ocean Drilling Program (ODP) Leg 152 was to sample a transect across the southeast Greenland SDRS at 63°N and to investigate the timing and character of the transition from continental to oceanic magmatism. Leg 163 extended this transect and also drilled the SDRS at 66°N (Site 988). Two previous Deep Sea Drilling Project (DSDP) and ODP legs have sampled portions of the North Atlantic SDRS. Leg 81 sampled the southern tip of the SDRS on Hatton Bank , and Leg 104 sampled the Vøring Plateau on the Norwegian continental margin (Eldholm, Theide, Taylor, et al., 1987; Viereck et al., 1988 Viereck et al., , 1989 . The location of these drill sites is shown in Figure 1 .
Holes drilled at three of the six Leg 152 sites (Holes 915A, 917A and 918D; Fig. 2 ) penetrated volcanic basement. A section across the SDRS, showing the location of the drill sites, is given in Figure 3 . This section is based on seismic profiles and summarizes the stratigraphy of the shelf and adjacent Irminger Basin. The most landward site (Hole 917A), 50 km from the Greenland coast, was the most successful and penetrated the feather-edge of the SDRS all the way to a metasedimentary basement. A 779-m volcanic sequence comprising at least 91 flow units was recovered, although about 300 m of the lowest part of the succession was missing due to faulting. Hole 915A, 8 km farther offshore, sampled a single basalt flow at a stratigraphic level between 100 and 200 m above the top of the volcanic succession in Hole 917A. Both of these sites were on the continental shelf where the SDRS laps onto thinned continental crust. The third site from which volcanic rocks were recovered (Hole 918D) was on oceanic crust in the Irminger Basin, 130 km offshore and close to the center of the SDRS. A 121.6-m section comprising at least 18 lava flow units was recovered, the top three of which are completely altered and oxidized, implying a long period of subaerial weathering after emplacement (Holmes, this volume). The volcanic sequence is overlain by lower Eocene marine greensands intruded by a thin sill of very fresh, homogeneous basalt. The lava flows sampled at the three sites show both pahoehoe and aa morphology. The flows are frequently reddened and, at Site 917, are interbedded with occasional soil horizons. Unequivocal pillow lavas and hyaloclastite breccias are rare, and it is clear that the sampled portions of the SDRS were erupted above or very close to sea level. A full description of the cores recovered during Leg 152 is given in Larsen, Saunders, Clift, et al. (1994) . This paper reports results of studies on a suite of 80 volcanic rock samples collected for analysis during Leg 152. Samples are identified by site and unit (defined in Larsen, Saunders, Clift, et al., 1994) , and these informal sample numbers are keyed to full ODP designations in Table 1 . A sample of Archaean gneiss, collected from an onshore outcrop close to the Leg 152 transect (GGU 324721, Blichert-Toft et al., 1995) , was provided by Minik Rosing and analyzed with the Leg 152 samples. We shall document the chemical composition of the SDRS, discuss their magmatic evolution, and attempt to deduce the relative contribution of plume and nonplume mantle sources.
ANALYTICAL TECHNIQUES
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X-ray Fluorescence (XRF) Analysis
Major-element concentrations were determined after fusion with a lithium borate flux containing La 2 O 3 as a heavy absorber, by a method similar to that developed by Norrish and Hutton (1969) . Rock powder was dried at 110°C for at least 1 hr, and a nominal but precisely weighed 1-g aliquot ignited at 1100°C to determine loss on ignition (LOI). The residue was then mixed with Johnson Matthey Spectroflux 105 in a sample:flux ratio of 1:5, based on the unignited sample mass, and fused at 1100°C in a muffle furnace in a Pt5%Au crucible. After the initial fusion, the crucible was reweighed and any flux weight loss was made up with extra flux. After a second fusion over a Meker burner, the molten mixture was swirled several times to ensure homogeneity, cast onto a graphite mold, and flattened with an aluminum plunger into a thin disk. The mold and plunger were maintained at a temperature of 220°C on a hotplate.
Trace-element concentrations were determined on pressed-powder samples. Six grams of rock powder were mixed thoroughly with four drops of a 2% aqueous solution of polyvinyl alcohol. The mixture was formed into a 38-mm disc on a 40-mm diameter polished tungsten carbide disc, backed and surrounded by boric acid, and compressed in a hydraulic press at 0.6 tons/cm 2 .
The fused and pressed samples were analyzed using a Philips PW 1480 automatic X-ray fluorescence spectrometer with a Rh-anode Xray tube. Because shipboard XRF analyses showed that many of the volcanic rocks had extremely low concentrations of incompatible trace elements, the analytical conditions and calibrations for these elements were optimized for low concentrations where appropriate.
Background positions were placed as close as possible to peaks, and long count times were used at both peak and background positions. Where background count rates were measured on either side of the peak, as in most trace-element determinations, the count time was divided equally between the two positions. Analytical conditions are summarized in Table 2 .
Corrections for matrix effects on the intensities of major-element lines were made using theoretical alpha coefficients calculated online using the Philips software. The coefficients were calculated to allow for the amount of extra flux replacing volatile components in the sample so that analytical totals should be 100% less the measured LOI. Intensities of the longer-wavelength trace-element lines (La, Ce, Nd, Cu, Ni, Co, Cr, V, Ba, and Sc) were corrected for matrix effects using alpha coefficients based on major-element concentrations measured at the same time on the powder samples. Matrix corrections were applied to the intensities of the other trace-element lines by using the count rate from the RhKα Compton scatter line as an internal standard (Reynolds, 1963) . Line-overlap corrections were applied using synthetic standards.
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Neutron Activation Analysis (NAA)
Aliquots of powder (0.2 g) were accurately weighed into plastic capsules, which were sealed prior to irradiation at Silwood Park, the Imperial College Reactor Centre at Ascot. Samples and iron-foil flux monitors were given a total neutron flux of approximately 6.2 × 10 6 n cm -2 , by irradiating in core tube 4, positions 3 and 4, for 2 days (= 2 × 7.5 hr). Samples were allowed to cool for 6 days before being counted.
Each sample was counted three times. Two counts, each of approximately 2000 s, were made within one week of irradiation. These counts provide peak spectra for La, Sm, Sc, and Co. The main count, carried out between one and four weeks after irradiation, was for a longer duration, between one-half and one day per sample. Two detectors were used: a high-energy GEM coaxial detector, with a resolution of 1.67 keV at 1.33 MeV (FWHM), for measuring La at 1596.2 keV, Sc at 889.3 keV, and Co at 1332.5 keV; and a LOAX detector with a resolution of 299 eV at 5.9 keV and 563 eV at 122 keV (FWHM) for Sm and Gd (103.2 keV), Nd (91.0 keV), Eu (123.1 keV), Tb (86.8 keV), Yb (63.1 keV), Lu (113.0 or 208.4 keV), Ta (67.7 or 100.1 keV), Hf (133.0 keV), and Th (98.4 keV).
The equipment used is EG&G hardware, with an MCA buffer emulator installed on an IBM 30 PC. Data from the two detectors are channeled through a multiplexer prior to storage in the MCA buffer. Spectra are transferred to a VAX computer for peak stripping peakarea computation using SAMPO software. Peak intensities are compared to those of known reference standards (Ailsa Craig microgranite AC-2 for most elements, JB-1a basalt for Sc and Co) for calculation of element abundances. Inter-element corrections are made where necessary (Potts, 1986, chapter 12) . Flux corrections were made by counting iron foils, irradiated simultaneously with the samples.
Standards JB-1a and an internal standard, Whin Sill basalt, are used to check the accuracy of the data except for Sc and Co, which were measured using JB-1a as the monitor reference standard. Nb/Ta and Zr/Hf ratios are used to check for consistency between NAA and XRF data. With the exception of the more evolved samples from the Middle Series of Hole 917A, these ratios are chondritic. Agreement between data determined by XRF and NAA (La, Ce, Nd, Th, and Sc) is generally very good. Precision estimates are given in Table 3 .
COMPOSITION OF THE VOLCANIC ROCKS
Analytical results are given in Tables 4 (XRF data) and 5 (NAA data). The compositional range of the volcanic rocks is illustrated on primitive-mantle-normalized trace-element abundance diagrams (Figs. 4, 5) , and on chondrite-normalized rare-earth element (REE) diagrams (Figs. 6, 7) . The principal aim of this section is to describe the compositional variation of volcanic rocks along the transect sampled by Leg 152. The lavas range in composition from picrite to dacite and all are hypersthene-normative. A general description of the petrography, and petrographic descriptions of individual samples, are given in the Leg 152 Initial Reports (Larsen, Saunders, Clift, et al., 1994) .
Effects of Alteration
Alteration ranges from severe (no fresh olivine or plagioclase) to slight (olivine mostly fresh). Most samples are moderately altered, and fresh olivine is rare. Consequently the measured concentrations of the more mobile elements must be treated with caution. However, Table 3 . XRF and NAA trace-element data (in ppm) for international standards analyzed with the Leg 152 samples.
Table 3 (continued).
Notes: Sc and Co INAA data are not included because JB1a was used as the reference monitor for these two elements. * = values from Govindaraju (1994) .
XRF:
Mean 1σ n Mean 1σ n M e a n 1 σ n M e a n 1 σ n M e a n 1 σ n 9  14  15  15  14  12  6  10  25  27  29  24  42  40  Zn  77  91  89  90  90  82  67  82  117  89  81  104  95  113  Cu  126  97  136  87  119  132  81  138  47  77  61  100  25  29  Ni  128  534  350  367  392  847  1157  139  27  40  40  47  13  11  Co  50  65  57  55  57  77  86  50  38  41  38  42  28  30  Cr  297  788  557  625  649  1058  1762  324  44  28  29  27  8  9  V  316  321  372  337  338  255  171  341  594  299  278  320  215  249  Ba  18  33  24  28  32  18  34  141  316  468  569  630  573  591  Sc  35  24  32  29  28  22  21  40  36  33  36  39  24  21  Ga  19  17  20  19  19  15  12  19  24  21  21  21  22  21 attempts to relate compositional variation to indices of alteration, such as LOI, have generally shown no correlation, and mobile elements (Ba, Sr, K, Rb) generally correlate well with more immobile element (e.g., Zr) concentrations. Some of the irregularities in the abundance patterns in Figures 4 and 5 (notably in K and Pb) may be due to the effects of alteration, but the patterns generally show good coherence between mobile and immobile elements. We believe, therefore, that the measured concentrations generally reflect those of the original magmas, but we shall base our conclusions on the more immobile elements wherever possible.
The only rocks in which unequivocal evidence of element mobility has been found are the lavas from Site 918. Four samples with more than 2% LOI (918-6B, -11Bi, -17, and -18) have apparently lost large amounts of Ca and gained a small amount of Sc. Sample 918-18 (Table 4) , with 5% LOI, has only 3.3% CaO compared with about 10% in fresher samples, and it has the highest Sc content. These four samples have been omitted from most of the data plots used in this paper. No significant correlations between LOI and other elements are seen, nor is this effect seen in samples from other sites. More surprisingly, Y appears to be mobile in the lava samples from Site 918. Comparison of Edinburgh and Copenhagen analytical data showed a poor interlaboratory correlation for Y in these rocks, but only when different samples of the same volcanic units were compared. Analyses of Y on aliquots of the same powder gave excellent agreement, as did other elements analyzed in different samples from Site 918. The implication is that Y is mobile during alteration, although there is no correlation between LOI and Y content, or between LOI and the difference in Y content in samples from the same volcanic unit. The difference in Y between samples, however, seems to be less for samples collected close to each other. This effect is discussed in more detail by Larsen, Fitton, Bailey, and Kystol (this volume).
Volcanic Stratigraphy
Stratigraphic variation is summarized in a series of diagrams (Figs. 8−10) in which composition is plotted against relative stratigraphic position for each of the three sites at which volcanic basement was penetrated. The vertical axis on each diagram represents time, although it must be stressed that the sequence is not continuous. The single sample from Site 915 lies at a stratigraphic level between 100 and 200 m above the top of the volcanic succession at Site 917, whereas Sites 915 and 918 are separated by a horizontal distance of 70 km (Fig. 3) . Individual data points for Sites 917 and 918 were plot- 
Site 917 Lower Series
The lowest lava flow at Site 917 sits on a thin layer of quartz sandstone overlying a steeply dipping metasedimentary unit. Interpretation of seismic sections (Fig. 3) suggests that approximately 300 m of the lower part of the volcanic succession has been removed by faulting (Larsen, Saunders, Clift, et al., 1994) . Many of the flow units in the lower part of the Lower Series are highly fractured, and intense brecciation was seen at the contacts of Units 71−72, 75−76, and 80− 81 (Larsen, Saunders, Clift, et al., 1994) . Thirty-five flow units were recognized in the Lower Series, of which 28 were analyzed in this study. One of these flows (Unit 71) gave a 40 Ar/ 39 Ar plateau age of 60.4 ± 0.7 Ma (Sinton and Duncan, this volume). The flows range in composition from picrite (Unit 61B) to evolved tholeiite (Units 70, 71, 72, 74A, and 75A) with a general trend toward evolved compositions up the succession (Fig. 8) . Peaks and troughs in Mg# and SiO 2 content suggest evolution of the magma in periodically recharged reservoirs (Larsen, Saunders, Clift, et al., 1994; Fitton et al., 1995) .
At least two magma sources are represented in the Lower Series with respectively low and high Nb/Zr (Fig. 9) . The six high-Nb/Zr flows are concentrated at the top of the Lower Series (Units 60, 61B, 62, 68, 70, and 72), intercalated with the more common low-Nb/Zr flows. Two units lower in the succession (78 and 92) also have slightly higher Nb/Zr. High-Nb/Zr units have generally higher concentrations of Rb, Th, Nb, and Ta than do the low-Nb/Zr units (Fig. 4) , although the two groups are otherwise difficult to distinguish on the basis of their incompatible-element and REE patterns (Figs. 4, 6 ). The high-and low-Nb/Zr groups of flows both have basic and evolved members. The more silicic flows in both groups tend to have rather high Zr/Y and Ce/Y (Fig. 9) , probably due to crustal assimilation. This will be discussed more fully in a later section.
Another striking feature of the Lower Series flows is their high and variable Ba/Zr, Sr/Zr, and La/Th (Fig. 10 ) compared with flows higher in the succession. Some of the scatter in Ba/Zr and Sr/Zr may be due to alteration, but the overall high values of the three ratios (especially La/Th) must be a primary magmatic feature and may also reflect crustal contamination.
Site 917 Middle Series
The top of the Lower Series is marked by a sudden change to more evolved compositions (Fig. 8) . The Middle Series consists of 23 units of evolved tholeiite and dacite flows and welded and non-welded dacitic tuff. Four samples (two from Unit 34B, one each from Units 52 and 55) dated by Sinton and Duncan (this volume) gave 40 Ar/ 39 Ar plateau ages within error of each other with a mean age of 60.8 ± 0.7 Ma, the same as the date obtained from the Lower Series. Fourteen of the Middle Series units were analyzed in this study. The most evolved compositions are found at the base and toward the top of the series. Uniformly low Nb/Zr (Fig. 9) shows that the more enriched magmas represented in the Lower Series were absent. High Ce/Y and Zr/Y (Fig. 9) , coinciding with peaks in SiO 2 (Fig. 8) , are most likely to be due to crustal assimilation. High concentrations of Ti in some of the evolved tholeiite flows (e.g., Unit 34B; Table 4) imply that fractional crystallization also contributed to the evolution of the magma.
Site 917 Upper Series
A 67-cm sandstone unit marks a dramatic change from the thick silicic flows of the Middle Series to a sequence of 34 thin flow units (21 analyzed here) of olivine basalt and picrite forming the Upper Series (Fig. 8) . The time interval represented by this sandstone is unknown because it has not been possible to date any of the Upper Series samples.
Some of the more magnesian flows are strongly olivine-phyric and have clearly accumulated olivine. However, the high magnesium contents of the aphyric flows (18 wt% MgO, Mg# = 77 in 917-16), the high forsterite contents (up to Fo 92 ; Demant, this volume) of the olivine phenocrysts, and the skeletal morphology of some of the phenocrysts, suggest that many of the units represent high-magnesium liquids close to primary magma in composition (Thy et al., this volume) . The magma could not have been stored in large reservoirs for long periods, as inferred for the Lower and Middle Series, but was probably erupted rapidly through a system of fissures. This change in the style of magmatism may mark the final stage of breakup of the Greenland margin (Larsen, Saunders, Clift, et al., 1994; Fitton et al., 1995) .
Compositional variation within the flows of the Upper Series is dominated by separation and accumulation of olivine, although there is some slight variation in incompatible-element ratios (Fig. 9) . The flows become significantly more depleted (lower Zr/Y, Ce/Y, Nb/Zr) up the succession, and a group of five flows (Units 25, 26, 27, 31A, and 31B) near the base of the series have distinctly higher contents of incompatible elements in relation to their MgO contents than do the other flows (Larsen, Fitton, and Fram, this volume) . Flows near the top of the succession (e.g., 917-10 and -14) are more depleted in light REE (LREE) than are flows from the base of the succession (917-32B and -33; Fig. 7 ). This variation may represent an increase, with time, in degree of melting or, alternatively, the effects of progressive depletion of the mantle reservoir feeding this volcanic system. 
Site 915 and 918 Lava Flows
The one lava flow recovered at Site 915 lies only 100 to 200 m higher in the succession than the top of Site 917 and yet it is compositionally quite different from the Upper Series lavas, but virtually identical to the lavas from Site 918, 70 km farther offshore. Consequently, the lava flows from these two sites will be considered together. Site 915 is on the continental shelf within the landward featheredge of the SDRS, whereas Site 918 is on the continental rise, close to the center of the SDRS. Eighteen flow units were recovered from Site 918, 13 of which were analyzed. The top three flow units are completely altered and reddened through deep subaerial weathering (Holmes, this volume), but the other flows are well preserved with only olivine and glass having been altered to clay. The basalt from Site 915 is fresh except for olivine, which has been completely altered. It has not been possible to date samples from either site.
Lava flows from Sites 915 and 918 have a very restricted composition (6.8−8.4 wt% MgO, 50.8−51.4 wt% SiO 2 , both calculated on a volatile-free basis, and omitting four samples with high LOI). Traceelement abundances and ratios are also very similar in lavas from the two sites, although the Site 915 basalt has slightly higher Ba/Zr (Figs. 5, 7, 9, 10), possibly due to slight crustal contamination. The narrow range of MgO content is similar to the range observed in mid-oceanridge basalt (MORB) from the North Atlantic Ocean (Schilling et al., 1983b) . By the time the basalts sampled at Sites 915 and 918 were erupted, the rift system seems to have evolved toward the re-establishment of permanent magma reservoirs, this time in denser basaltic crust (Fitton et al., 1995) .
Site 918 Sill
The highly weathered top of the lava pile at Site 918 is overlain by lower Eocene, shallow-marine glauconitic sands. These are apparently intruded by a thin sill composed of very fresh basalt (918-1). The contacts between basalt and sediment were not recovered and so the intrusive nature of this unit has not been firmly established. However, the unit is massive and vesicle-free and more likely to be intrusive than a lava flow. A sample from this unit gave a 40 Ar/ 39 Ar plateau age of 51.9 ± 0.8 Ma (Sinton and Duncan, this volume), closely similar to the sediment age (53−51 Ma). The sill is clearly different in composition from the underlying lavas (Figs. 5, 7−10) and is probably related to a small off-axis volcano seen in seismic profiles on top of the SDRS, just 3.5 km west of Site 918 (Larsen, Saunders, Clift, et al., 1994) .
PETROGENESIS Crustal Contamination
Correlated variation in SiO 2 content, Ce/Y, and Zr/Y in samples from the Lower and Middle Series at Site 917 (Figs. 8, 9 ) cannot be explained by fractional crystallization of the observed phenocryst phases alone. Assimilation of a silica-rich crustal contaminant with high Zr/Y and Ce/Y is the most likely explanation for this variation. The contaminant must have low Nb/Zr since this ratio does not vary with SiO 2 (Figs. 8, 9) . A sample of Archaean gneiss, collected from an onshore outcrop close to the Leg 152 transect (GGU 324721, Blichert-Toft et al., 1995) , has a composition similar to that inferred for the crustal contaminant, and an analysis of this sample is plotted along with those of representative Middle Series samples in Figures  4 and 6 . The similarity in REE and other incompatible-element abundances between the gneiss sample and the more silica-rich Middle Series samples (917-47 and -55) is obvious. It is also clear that the more silica-rich members of the low-Nb/Zr group from the Lower Series (e.g., 917-74A; Fig. 4 ) could also have been contaminated with Archaean gneiss. The Site 917 Upper Series and Site 915 samples appear to be relatively unaffected by contamination, and the Site 918 lavas were erupted, according to Larsen and Jakobsdóttir (1988) , on oceanic crust. Much of the irregularity in the abundance patterns for these samples (Fig. 5) is in those elements susceptible to the effects of alteration, and the only clear evidence for contamination in the Upper Series lavas is the slight upturn at La and Ce in the REE pattern for 917-17 (Fig. 7) .
Contamination with crustal material similar to sample 324721 cannot, however, explain the high Ba/Zr, Sr/Zr, and La/Th seen in the lower units of the Lower Series (Fig. 10) . Although the gneiss sample has ratios (7.0, 2.8, and 17.6, respectively) similar to those in the most silica-rich units of the Middle Series, the units comprising the bottom half of the Lower Series have much higher values (Fig. 10 ) and a contaminant with high Ba/Zr, Sr/Zr, and La/Th would therefore be required. This is illustrated in Figure 11 , which shows two distinct trends. One (toward sample 324721) extends to high SiO 2 and Ce/Y at moderate Ba/Zr, Sr/Zr, and La/Th (from Fig. 10) , and the other to high Ba/Zr, Sr/Zr, and La/Th at low SiO 2 and low Ce/Y. The highsilica trend on Figure 11 can easily be explained by crustal assimilation coupled with low-pressure fractional crystallization. The latter will tend to increase SiO 2 at constant Ba/Zr and Ce/Y, and reduce Sr/Zr.
The low-silica trend is less easy to explain. It is possible that the high values of Ba/Zr and Sr/Zr could be produced by alteration, but this is unlikely to be true for La/Th. Lithospheric mantle (e.g., Holm, 1988) and lower crustal granulite are both possible candidates for the contaminant. Some granulite-grade trondhjemitic gneisses from the Lewisian of northwest Scotland, for example, have high Ba/Zr, Sr/Zr, and La/Th (Weaver and Tarney, 1980) coupled with high concentrations of Ba, Sr, and La. Depleted parental magmas could be strongly affected by amounts of contamination too small to increase the SiO 2 content significantly. Alternatively, the low-silica trend could reflect interaction between asthenosphere-derived parental magmas, and Ba-and Sr-enriched lithospheric mantle. Whatever the cause of this trend, it is clear that its effects were confined to the lower part of the Lower Series (below Unit 73A). Above this level, contamination with gneisses similar to sample 324721 began to dominate the evolution of the magma, and the degree of this contamination increased through the Middle Series.
The Lower and Middle Series have recorded a temporal shift in the nature of the contaminant from lithospheric mantle, or lower crustal granulite, to upper crustal gneiss similar to sample 324721. This is analogous to the change in style of contamination demonstrated by Dickin et al. (1984) and Morrison et al. (1985) for the Scottish Tertiary igneous province. Dickin et al. (1984) showed that the proportion of lower crustal Pb in the inferred contaminant decreased, and the proportion of upper crustal Pb increased, with time during the development of the Skye intrusive complex. Isotopic studies on the Leg 152 samples (Fitton et al., the same stratigraphic interval, suggests an increasing proportion of upper crust in the contaminant with time.
Degree and Depth of Melting
It was noted earlier that the steady decrease in Zr/Y and Ce/Y in the Upper Series lavas may be due to an increase in degree of melting or progressive depletion of the mantle source with time. These alternatives can best be resolved through the use of moderately compatible elements sensitive to depth of melting, such as Sc. Figure 12 shows the variation of Sc and Zr in the Leg 152 volcanic rocks. Samples from the Middle Series at Site 917 and the more silica-rich samples from the Lower Series, all of which have probably been contaminated with continental crust, have been omitted. Sc is compatible in garnet lherzolite but slightly incompatible in spinel lherzolite; Zr is moderately incompatible in both. Equilibrium melting curves have been constructed using the following mineral-melt partition coefficients (D).
The values are from Ulmer (1989) , except for (a), which is from Hart and Dunn (1993) , and (b), which is a little higher than Ulmer's value (0.32) but at the lower end of the range (0.4−0.7) measured by Green et al. (1989) . Ulmer's (1989) partition coefficients for pyroxenes and garnet were determined at 2.8 GPa and are therefore appropriate to mantle melting. Values of D spinel-liquid have not been determined for Sc and Zr, and the effects of residual spinel have been ignored. Mantle phase proportions are taken from McKenzie and O'Nions (1991) , and the proportions of phases entering the melt are from Johnson et al. (1990) . Source concentrations of 7.5 ppm Zr and 12 ppm Sc, appropriate to moderately depleted mantle (McKenzie and O'Nions, 1995) , were assumed. The resulting melting curves are sensitive to uncertainties in these parameters but serve to illustrate the variation in melting conditions with time.
The Site 917 Lower and Upper Series compositions cluster around the garnet lherzolite melting curve and imply about 3%−15% melting with only small amounts of subsequent crystallization. These values are close to those (4%−12%) deduced by Fram et al. (this volume) for the Upper Series magmas. Points to the left of the garnet lherzolite curve are consistent with accumulation of olivine phenocrysts. The arrows radiate from a point at 3 ppm Sc, 0 ppm Zr, and represent the effects of fractional crystallization of olivine (containing a small amount of Sc) and plagioclase. The five points around the upper arrow are from the group of flows close to the base of the Upper Series (Units 25, 26, 27, 31A, and 31B) with slightly higher incompatible-element concentrations in relation to their MgO contents.
The post-breakup lava flows (Sites 915 and 918) have higher Sc contents consistent with their derivation by 10%−20% melting of a shallower, spinel lherzolite source, followed by 20%−40% crystallization of olivine and plagioclase. If the source was more depleted in Zr than the 7.5 ppm assumed, the required degree of melting would be lower. However, the conclusion that the degree of melting became larger, and the depth of melt segregation shallower, as breakup proceeded is well constrained by the composition of the volcanic rocks (cf. Fram et al., this volume) . A similar conclusion was reached by Fram and Lesher (1993) for the North Atlantic Tertiary igneous province as a whole, and by Thirlwall et al. (1994) for the Tertiary volcanic rocks of northeast Greenland. Both studies exploited the behavior of the heavy REE (HREE) to estimate the relative proportions of melt derived from garnet lherzolite and spinel lherzolite. HREE are relatively insensitive to the effects of crustal contamination and source depletion, but are strongly fractionated by garnet. The effects of a decrease in depth of melting during continental breakup can be seen clearly in the REE patterns in Figures 6 and 7 . All the Site 917 samples have a negative slope between Tb and Lu, implying the presence of residual garnet in the mantle source during the pre-breakup (Lower and Middle Series) and breakup (Upper Series) stages. By contrast, the post-breakup lava flows (Sites 915 and 918) have flat HREE patterns implying an absence of residual garnet.
The Sc contents of basaltic lavas from Sites 915 and 918 are unusually high and support the HREE evidence for shallow melting. The only other basaltic rocks in the North Atlantic region with such high Sc contents are the lavas from Hatton Bank ( Fig. 12 ; data from Brodie and Fitton, this volume; Larsen, Fitton, and Fram, this volume) . It is significant that Hatton Bank occupies a similar position to the Leg 152 transect on the conjugate North Atlantic margin (Fig. 1) .
The sill from Site 918 has much higher concentrations of incompatible elements than any of the breakup and post-breakup lavas and must be the product of smaller degrees of melting. It was emplaced later than the lavas, probably from a nearby off-axis volcano. Its low MgO content and position on Figure 12 are consistent with its derivation by small degrees of melting of garnet lherzolite followed by crystallization of olivine, plagioclase, and augite. Scandium is compatible in calcic pyroxene at low pressure (D Sc ≈ 2.5, Gallahan and Nielsen, 1992) , so fractional crystallization vectors for assemblages including augite would be much steeper than the ones shown.
MANTLE SOURCES
One of the major objectives of Leg 152 was to investigate the nature of the mantle source for the SDRS at 63°N in order to determine whether the compositional and thermal effects of the Iceland plume were coupled or decoupled at the time of continental breakup (Larsen, Saunders, Clift, et al., 1994; Fitton et al., 1994) . The present-day thermal anomaly, as expressed in water depth and major-element composition of dredged basalt, extends down the Reykjanes Ridge as far south as 50°N (Klein and Langmuir, 1987) , but the chemical and isotopic anomaly can only be detected as far south as 60°N (Schilling, 1973; Schilling et al., 1983b; Hart et al., 1973) . These effects reflect the steady-state condition of the Iceland plume today. The question to be addressed by Leg 152 was whether the plume was similarly zoned at the time of breakup. A more extensive compositional anomaly, with only a very thin carapace of heated ambient MORB mantle, would support the hypothesis that breakup was triggered by the impact, on the base of the lithosphere, of a start-up plume head originating at the core-mantle boundary (cf. Richards et al., 1989; Griffiths and Campbell, 1990) . On the other hand, an extensive thermal anomaly with a smaller, concentric, chemical and isotopic anomaly, as at present, would be difficult to reconcile with this impact model. Such a thermal and compositional structure could support the hypothesis that the plume had been incubating beneath East Greenland for some time before breakup (cf. White and McKenzie, 1989; Kent et al., 1992) . It would also be consistent with an origin of the plume at the 670 km discontinuity since such a plume could simultaneously tap mantle from below this level, to provide the compositionally anomalous center, and above it to provide the thermally anomalous carapace of MORB-source mantle.
Samples from Site 917 Upper Series and from Sites 915 and 918 are depleted in the more incompatible elements (Fig. 5 ) and in LREE compared with HREE (Fig. 7) , implying that their mantle source was similarly, or more, depleted. Depletion in some incompatible elements (Rb, Th, Nb, Ta) is also apparent in the low-Nb/Zr group of the Site 917 Lower Series but not in the high-Nb/Zr group (Fig. 4) . On simple compositional criteria, therefore, it looks as though two distinct mantle sources, one depleted and one less depleted, were involved in the formation of the SDRS at 63°N. However, these cannot be simply equated, respectively, with MORB mantle and Icelandic mantle. Strongly LREE-depleted basalt, with REE patterns similar to those from basalt erupted at normal segments of mid-ocean ridges (N-MORB), occurs in the neovolcanic zone of Iceland (Schilling et al., 1983a) . Furthermore, contamination of magma of N-MORB composition with continental crust could produce LREE-enriched hybrid magmas with patterns resembling Icelandic basalt. A more subtle approach is required to distinguish magmas from N-MORB and Icelandic mantle sources. The approach adopted here exploits the unusual behavior of Nb during the mantle melting processes responsible for the depletion of the N-MORB mantle reservoir. The abundance of most elements in the N-MORB source can be estimated through a simple mass-balance model in which average continental crust is subtracted from primitive mantle (e.g., McKenzie and O'Nions, 1991) . This procedure fails to account for the low abundance of Nb in the N-MORB source, however, because both continental crust and N-MORB are depleted in Nb with respect to other incompatible elements; both have lower Nb/La than does primitive mantle, for example (Rudnick and Fountain, 1995; McDonough and Sun, 1995) . Thus no mixture of continental crust and N-MORB-source mantle can reproduce the Nb concentration in primitive mantle. The missing Nb is probably stored in subducted oceanic crust and ultimately recycled through some mantle plumes (Saunders et al., 1988) . One effect of this process is that N-MORB is more depleted in Nb, with respect to other incompatible elements, than are even the most depleted Icelandic basalts. Furthermore, contamination of N-MORB magmas with continental crust can never produce hybrids resembling Icelandic basalts in their Nb contents.
Depletion of N-MORB in Nb, compared with Icelandic basalts and primitive mantle, is illustrated in Figure 13 . The Iceland data cover the whole range of Icelandic basalt, from the most enriched offaxis alkaline basalts from Snaefellsjökull (Hardarson, 1993) to the most depleted picrites from the Reykjanes Peninsula, and include samples collected from the whole of the neovolcanic zone. Most of the Icelandic samples used in the construction of this diagram were analyzed by XRF in Edinburgh. The N-MORB data are from samples from 58°−59°N on the Reykjanes Ridge (R.N. Taylor, M.F. Thirlwall, and B.J. Murton, unpubl. data), the Pacific Ocean (ADS, unpubl. data), and average N-MORB compositions (Hofmann, 1988; Sun and McDonough, 1989) 
Primitive mantle (McDonough and Sun, 1995) plots within these bounds, and all the N-MORB data plot below the lower bound. The diagram is insensitive to fractional crystallization of olivine and plagioclase, typical of low-pressure evolution of primitive tholeiitic magmas, since crystal-liquid partition coefficients for Nb, Zr, and Y are close to zero in these phases (Pearce and Norry, 1979) . Removal of augite, which has a significant partition coefficient for Y (Pearce and Norry, 1979) , from more evolved tholeiitic magmas would drive the residual liquid away from the array at a shallower angle (at constant Nb/Zr). The data used in the construction of Figure 13 , however, are all from basalt samples in which the effects of augite crystallization are insignificant. All the variation among Icelandic basalt due to differences in degree and depth of partial melting, including source depletion through melt extraction, are contained within the linear array. The diagram seems to provide a useful discriminant be- The Iceland samples cover the whole compositional range, from depleted picrite to alkali basalt, and were mostly analyzed by XRF in Edinburgh. Iceland data sources: western (including Reykjanes Peninsula), eastern, and northern rift zones: BSH and JGF (unpubl. data); Snaefellsnes Peninsula: Hardarson (1993) ; Vestmannaeyjar: Hardarson (1993) and Furman et al. (1991) ; Krafla: Nicholson (1990) ; Theistareykir: L. Slater and JGF (unpubl. data) . N-MORB data sources: see Figure 15 . (BSH and JGF, unpubl. data). It is clear from this diagram that most of the samples from Site 917 plot below the lower bound of the Iceland field, in the region occupied by N-MORB (Fig. 13) . The Site 917 Middle Series and some of the Lower Series samples fall on a linear trend toward the sample of Archaean gneiss (324721; Table 4 ). The identification of samples with an N-MORB mantle source is not complicated by assimilation of continental crust because this drives the magma away from the Iceland array. It is possible, on this plot, for a contaminated basalt with a depleted Icelandic mantle source to plot with N-MORB, but the resulting hybrid could be readily identified on other chemical criteria such as LREE enrichment. This is clearly not the case with the Site 917 Upper Series samples (Fig. 7) . The six high-Nb/Zr samples from the Site 917 Lower Series, and the Site 918 sill, plot in the enriched part of the Iceland array (i.e., to the upper right of the primitive mantle composition), mostly within the field defined by Tertiary basalt from East Iceland. The two samples with slightly higher Nb/Zr (Fig. 9 ) from the lower part of the Lower Series plot just within the Iceland array. Basaltic lava samples from Sites 915 and 918 plot in the depleted part of the Iceland array.
Comparison plots for data from previous North Atlantic ODP and DSDP legs are given in Figure 15 , with the N-MORB analyses used in Figure 13 for reference. Only the basalts from Hatton Bank, from the outer edge of the SDRS (Fig. 1) , are truly N-MORB-like, as was noted by Joron et al. (1984) and Merriman et al. (1988) . The Vøring Plateau basalts are transitional in character (cf. Viereck et al., 1988) and the more evolved lavas from the Vøring Plateau Lower Series show a similar crustal contamination trend to the Leg 152 data (Fig.  14) . The basalt samples from Leg 49 plot entirely within the Iceland array. They were collected along a mantle flow line at 63°N, midway between Iceland and the outer limit of the compositional effects of the Iceland plume. They range in age from 2.3 Ma, close to the crest of the Reykjanes Ridge at Site 409, to about 35 Ma at Site 407 (Wood et al., 1979) .
Data from other parts of the North Atlantic Tertiary igneous province are shown in Figure 16 . The West Greenland picrites plot mostly below the Iceland array. This is an important observation because, like the Leg 152 and Hatton Bank lavas, the West Greenland picrites were erupted on the outer edge of the province (Fig. 1) . Analyses of basalt samples from northeast Greenland, Scoresby Sund, and the lower formation of the Faeroes stray across the lower bound of the Iceland array, but not into the field occupied by N-MORB. Some of the upper basalts on the Faeroes are N-MORB-like in composition (Gariépy et al., 1983 ) but these account for only a small proportion of the lava pile. Data from the Faeroes lower basalt formation (Fig. 16 ) define a trend oblique to the Iceland array at constant Nb/Zr. A good positive correlation between Zr/Y and indices of differentiation in the Faeroes data led Bernstein (1994) to suggest that the magmas differentiated through crystallization of a garnet-bearing cumulus assemblage at lower crustal or upper mantle depths. Kerr and Thompson (1995) , however, have challenged this conclusion and show that the observed variation in Zr/Y could be caused by fractional crystallization of olivine, plagioclase, and augite.
The data plotted in Figure 14 suggest that the source for the basalt samples collected during Leg 152 changed with time from N-MORB mantle (Site 917) to depleted Icelandic mantle (Sites 915 and 918). Basaltic magma with an undepleted Icelandic source was, however, available during eruption of the Lower Series and is represented most clearly by the six high-Nb/Zr samples (Fig. 9) . A useful way to express the temporal variation in the mantle source is to calculate the excess or deficiency in Nb, using the lower bound of the Iceland array as a reference line. From Equation 1, the Nb/Y that a sample with a given Zr/Y would have if it were on the reference line is given by log(Nb/Y) RL = 1.92 log(Zr/Y) − 1.740.
The deviation, in log units of Nb from this reference line (∆Nb), is given by
A sample plotting on the reference line would have ∆Nb = 0, one with 10 times the Nb content of a point on the reference line with the same Zr/Y would have ∆Nb = +1, and one with one tenth the Nb content would have ∆Nb = −1. The upper bound of the Iceland field (Eq. 1) has ∆Nb = +0.564. Thus, positive values of ∆Nb suggest an Icelandic mantle source and negative values an N-MORB mantle source. ∆Nb is a mantle source characteristic and is insensitive to partial melting, source depletion through melt extraction, and to the effects of low pressure fractional crystallization of olivine and plagioclase. Figure 17 shows the variation of ∆Nb with relative stratigraphic position, as in Figures 8−10, and shows clearly the transition from N-MORB mantle (negative ∆Nb) to Icelandic mantle (positive ∆Nb) sources between the top of the succession at Site 917 and the single flow recovered from Site 915. Periodic incursions of magma with an Icelandic mantle source during the eruption of the Lower Series at Site 917 are also seen in this plot. Some of the scatter in the data from Site 918 is due to the mobility of Y (Larsen, Fitton, Bailey, and Kystol, this volume) , but this is not sufficient to detract from the conclusion that these lavas had a depleted Icelandic mantle source. Table 4 ). This line is straight because the basalt and gneiss have the same Nb/Zr. consistent with lithospheric mantle or lower crustal granulite. The later volcanic rocks, however, appear to have been contaminated with upper crustal gneisses (Fitton et al., this volume) . The magma reservoirs appear, therefore, to have moved to shallower levels in the crust with time. A similar shallowing of magma reservoirs has been suggested, on the basis of phase relations, by Fram and Lesher (1997) for the East Greenland Tertiary flood basalt province. The variation in the nature of the crustal contaminant with time is also very similar to that inferred for the Scottish Tertiary igneous province by Dickin et al. (1984) and Morrison et al. (1985) .
CONCLUSIONS
The Middle Series evolved rocks are overlain by a thin sediment horizon that marks a pronounced shift in the character of magmatism. The overlying Upper Series is composed entirely of olivine basalt and picrite flows representing near-primary liquids with up to 18 wt% MgO (Thy et al., this volume). There is no evidence for long-term storage and differentiation of the magma, nor do the rocks show much evidence of interaction with the continental crust. It seems likely that the magma forming the Upper Series was erupted rapidly from mantle depths, through a series of fissures formed at the time of final breakup of the developing continental margin. A close coincidence in Upton et al., 1984, and Thirlwall et al., 1994) ; West Greenland: Holm et al. (1993) ; Faeroes: Hald and Waagstein (1984) .
time between the eruption of picrite magma and the onset of seafloor spreading in East and West Greenland has been noted by Larsen et al. (1992) .
No core was recovered from the stratigraphic interval between the top of the volcanic rocks at Site 917, and Site 915, 8 km farther offshore. The thickness of unsampled succession has been estimated from seismic data to be between 100 and 200 m (Larsen, Saunders, Clift, et al., 1994) . Within this interval the character of volcanism changed again. The Site 915 basalt is virtually identical in its chemical composition to basalt recovered from Site 918, 70 km farther offshore and close to the center of the SDRS. A thin dike (Unit 39) intruding the Middle Series at Site 917 is very similar in composition to basalt from Sites 915 and 918 (Larsen, Fitton, and Fram, this volume) . Basalt from Sites 915 and 918 has a very restricted composition (6.8−8.4 wt% MgO, 50.8−51.4 wt% SiO 2 , both calculated on a volatile-free basis) suggesting that, by the time these lava flows were erupted, the SDRS had evolved toward the re-establishment of permanent magma reservoirs, this time in denser basaltic crust in an oceanic spreading environment. As with mid-ocean ridges, the later SDRS magma reservoirs appear to have imposed a density filter to restrict the range of erupted magma compositions (Fitton et al., 1995) .
The transition from continental to oceanic volcanism recorded during Leg 152 is the first to be described from a continental margin. However, Francis et al. (1983) described a virtually identical sequence from the Proterozoic Cape Smith fold belt of northern Québec. Here a sequence of continental flood basalts (the Povungnituk basalts) is related to continental rifting and shows evidence for storage, evolution, and contamination in crustal magma reservoirs.
These give way to a series of picritic basalts (the lower Chukotat Group) erupted rapidly through a conduit system dominated by fractures rather than magma reservoirs. The picrites are overlain by a sequence of basalts whose "compositional homogeneity ... implies the presence of large magma reservoirs, within or along the base of an oceanic crust, which buffered the compositions of the magmas rising from the underlying mantle." The whole sequence is time-transgressive into the Cape Smith basin and remarkably reminiscent of the Leg 152 transect. Francis et al. (1983) speculate that their volcanic sequence was erupted on a developing continental margin.
As breakup proceeded from continental rifting to ocean crust formation, mantle melting extended to shallower depths. Lavas erupted during the rifting phase (Site 917) have low Sc contents, consistent with a garnet lherzolite source. After breakup (Sites 915 and 918) the Sc content increased markedly, implying that the magma segregated from a shallower, spinel lherzolite source. The Sc contents measured in the post-breakup basalts are unusually high and comparable with the highest values found in N-MORB (Klein and Langmuir, 1987) . Within the North Atlantic igneous province, only the basalts from the SDRS at Sites 915 and 918 and on Hatton Bank have such high Sc contents (Brodie and Fitton, this volume; Larsen, Fitton, and Fram, this volume) . The thickness of these SDRS implies large melt volumes, while the high Sc contents require that melting extended to unusually shallow levels. This combination of large degrees of melting at shallow depths may be a characteristic feature of SDRS erupted on the edge of the plume. Langmuir et al. (1992) have evaluated the effects of the geometry of the melt region beneath spreading centers on the average degree and depth of melting and show that the largest-degree, shallowest melts should be produced by "active" upwelling. This occurs where partially molten mantle upwells faster than the rate of plate separation through, for example, melt-induced buoyancy, because all the mantle contributing partial melt is able to melt to the maximum degree at the shallowest level. Melting is more likely to occur by equilibrium than by fractional processes in this situation, hence the choice of equilibrium melting in the construction of Figure 12 . Enhanced convection and consequent large-degree melting was proposed by Mutter et al. (1988) to explain thick volcanic sequences erupted soon after the initiation of seafloor spreading. These authors argue that enhanced convection is caused by the strong thermal contrast between the asthenosphere and the cooler steep edges of the pre-existing continental lithosphere. Active upwelling of the Iceland plume (e.g., Ribe et al., 1995) , however, provides a much more likely mechanism for enhanced convection in the case of the Greenland continental margin. The data presented here support the notion of some form of enhanced convective mantle upwelling soon after continental breakup.
At least two mantle components were involved in the generation of the primary magmas responsible for the volcanic sequence sampled during Leg 152. Most of the earliest volcanic rocks (Site 917) had an N-MORB mantle source, although a few basalt flows toward the top of the Lower Series had an undepleted Icelandic mantle source. During the time interval represented by the short unsampled sequence (100−200 m) between the Upper Series olivine basalt and picrite flows, and the basalt lava flow at Site 915, the magma source changed from N-MORB mantle to depleted Icelandic mantle, and remained the same at Site 918. This transition coincided with the shallowing of mantle melting noted above. Basaltic lava flows sampled on Hatton Bank, closer to the outer edge of the SDRS, show the same evidence for shallow melting (Fig. 12) but had an N-MORB mantle source (Fig. 15) .
These observations on the nature of the mantle source have implications for our understanding of the thermal and compositional structure of the Iceland plume at the time of its earliest magmatic expression. Basalt generated in the outer edge of the plume (sampled on Hatton Bank) had an N-MORB mantle source, and the Leg 152 basalts show a temporal transition from N-MORB to Icelandic mantle sources. Basalt erupted on the Vøring Plateau, closer to the inferred plume axis, is transitional between N-MORB and Icelandic basalt. The Iceland plume was therefore zoned, much as it is today, with a core of compositionally and thermally anomalous mantle surrounded by a thick carapace of anomalously hot but compositionally normal N-MORB mantle. This observation is difficult to reconcile with the impact of a large plume head originating solely at the core/mantle boundary (Richards et al., 1989; Griffiths and Campbell, 1990) . Such a plume would not have had time to heat its surroundings appreciably during its brief passage through the upper mantle and could have had, at most, only a very thin carapace of anomalously hot, N-MORBsource mantle. However, the apparently synchronous onset of magmatism at about 62 Ma across much of the North Atlantic igneous province (e.g., Saunders et al., in press ) does suggest the initiation of the Iceland plume at this time, although Lawver and Müller (1994) have argued that the plume had been in existence before that time.
The arrival and rapid spread of a chemically and thermally zoned plume head originating at the 670-km discontinuity seems best able to explain the timing and compositional variation of magmatism in the North Atlantic igneous province. Decompression of the outer part of the plume head during continental breakup along the Leg 152 transect caused the N-MORB mantle in the outer part to melt first, followed by Icelandic mantle spreading out from the inner part. Previous melt extraction closer to the plume axis may account for depletion of the Icelandic mantle source of the post-breakup basalt lavas (Sites 915 and 918). Magma generated from Icelandic mantle was available from early in the sequence to supply the high-Nb/Zr lavas in the Lower Series at Site 917. This, together with the apparently abrupt transition from N-MORB-like basalt (Upper Series, Site 917) to depleted Icelandic basalt (Site 915), suggests that the interface between the two mantle sources was sharp rather than gradational.
